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Introduction
Almost all sediment-related problems in water, including water quality and pollution, scouring, deposition, and issues related to construction and management of reservoirs and canals, and wetland restoration, are associated with the incipient condition of sediment motion (Venditti et al., 2006) . In a lake, the bottom currents due to external forces (e.g., winds) can suspend the bottom sediments, thus enhancing the release of contaminants and nutrients from the bed into the water column (Zhang et al., 2018; Zhang and Yu, 2017) . The incipient velocity of sediment is an important parameter to estimate sediment motion as well as riverbed evolution, and to solve the engineering problems of riverbed deformation, bank protection engineering, channel stability and other engineering problems (Zou et al., 2017; Mao et al., 2011) . The study on the incipient condition of sediment motion has also great significance to the protection of marine ecological environment, hence it has been a hot topic for decades.
There are two major parameters to describe the incipient condition of sediment motion, i.e., threshold bed shear stress (Rijn, 1984; Chien and Wan, 1999; Yu and Lim, 2003; Zhang and Yu, 2017) and incipient velocity (Beheshti et al., 2008; Francisco et al., 2014) . Incipient velocity is more widely used in practices, because only when the flow velocity is sufficiently great, the sedimentary particles which belong to a flat-bed can be dislodged and start to move (Righetti and Lucarelli, 2007; Luo, 2011) . In addition, the incipient velocity of sediment is the basic of mechanics of sediment motion and riverbed evolution, and is also an important parameter to solve the sediment problems of riverbed deformation, bank protection engineering, channel stability and other engineering problems (Zou et al., 2017; Mao et al., 2011) .
There are a lot of efforts on investigating the incipient condition of sediment motion and many useful formulae have been proposed and successfully applied in practical engineering. As early as 1935, according to the experimental data, Hjulstrom found that when the sediment particle size was 0.2-0.3 mm, the incipient velocity of sediment had a minimum value (Phillips, 1992) and since then, scholars from all over the world carried out many experimental research and theoretical analysis, and derived many formulae for the incipient velocity of sediment from the perspective of mechanics and random process. Xie (1981) recommended several representative former Russia formulae such as Shyamov formula (Eq. 1), which can be used to calculate the incipient velocity of the granular sediments with the particle size d > 0.15 mm and Goncharov formula (Eq. 2). where d = the particle size, = the incipient velocity of sediments, h = the depth of water, and were the density of fluid and sediment particle respectively, = acceleration of gravity, and were the undetermined coefficients. Considering the viscosity of fine sediment, many Chinese scholars have proposed new formulae for the incipient velocity of sediment. Dou (1960) proposed a formula for the incipient velocity of sediment in shallow water in 1960 and modified it in 1974, such as Equation 3. where cm; cm 2 /s 2 , is riverbed roughness, and for the flat bed, mm when mm and when mm. Zhang (1961) proposed Equation 4 , which is the formula of Wuhan Institute of Hydraulic and Electric Engineering and adopted in Chinese code. However, the parameters introduced by previous research results which are mostly determined by the flume experiments would affect the accuracy of the formulae, because the water depth in flume is always limited to 0.1-0.5 m, whereas the actual estuary water depth can reach 5-10 m, sometimes even about 20 m (Zeng et al., 2010) . Compared with other formulas, the formula (Eq. 5) of Sha (1965) payed more attention to the influence of increased water depth on the incipient velocity of sediment, which was closer to the natural river (Zhang, 2012 
where = the film water thickness and ; was the porosity and ). Whereas, Han et al. (1982) considered that the formula of Sha (1965) took the influence of the bonding force caused by contact between sediment particles and the porosity on the incipient velocity of sediment into account, but the mechanical mechanism was not described and expressed clearly. Therefore, the formula for the incipient velocity of sediment needs to be further studied.
The formulae of the incipient velocity of sediment are based on limited water depth which may result in their inapplicability (Zeng et al., 2010) . The formula form is almost adopted to calculate the incipient velocity of non-viscous sediment (Karmer, 1935; He et al., 2002) . Nie et al. (2004) summarized dozes of the existing formulas and derived the unified formula (Eq. 6), whereas the values of and were slightly different in different formulae.
In most cases, the value of m is 1/6 and the of value is usually between 3. 37 and 7 (Nie, 2004) . He et al. (2002) believed that ξ was not a constant, but within a certain range and changed with the relative exposure of particles on the bed surface. However, it is found that the value of ξ at different flow levels is variable according to the analysis of the 246 groups of data on sediment initial motion at Yichang station which is one of the reservoirs of Three Gorges in China (Li et al., 2006) . Li et al. (2006) used the normative formula of Wuhan Institute of Hydraulic and Electric Engineering and Shyamov formulae to calculate the incipient velocities of sediment based on the different flow levels at the Yichang station, and there was a huge error between the calculated results and the field measured data, especially in the case of huge flow. In addition, the coefficient ξ of Equation 6 varies greatly when it is used to calculate the incipient velocities of the granular sediments with different particle sizes in the flow with the same water depth, i.e., Lu (1991) proposed the formulae for the incipient velocity of the pebble in the Yangtze river (its H/d range is 80 ~ 1000) and sandy and muddy (the range H/d of was 10000 ~ 100000), which based on the field measured data of sediment initial motion in the Yangtze river, but the value of ξ are 0.95 and 1.47, respectively, between which the difference is 1.55 times. Therefore, it is still necessary to study the incipient velocity of sediment under the premise of fully considering the influence of water depth or relative water depth on the incipient velocity of sediment.
To ensure that the formulae for the incipient velocity of sediment obtained by the flume experiments are more accurate and reliable, the similarity conditions between the experimental flow and the prototype flow with great dimensionless water depth should be satisfied (Ferro, 1999; Falcão et al., 2014; Dornbrack and Schumann, 1993; Steward and Tennankore, 1977) . According to the force analysis of the sediment particles on the horizontal bed without seepage, only the drag force and the lifting force are favorable to the initial motion of sediment particles, except the geometric status of sediment particles and the bed roughness (Niven, 2010; Bohorquez and Fernandez-Feria, 2008; Mao et al., 2011) . Therefore, the distribution of the flow velocity on vertical line in the experimental flow and the prototype flow with great dimensionless water depth should satisfy the principle of similitude to ensure the accuracy of the experimental results, because the distribution of flow velocity would be affected by different water depth, which would have an impact on the Kinematic similarity between the experiment flow and the prototype flow with great dimensionless water depth. The velocity distribution in experimental flow and natural open channel flow generally adopt the logarithmic formula of velocity distribution (Yu and Tan, 2006; Meftah and Mossa, 2016) and the formula can be written as
where y = the height from the bed, u = the velocity at the height y, u* = the friction velocity, κ = the Carmen coefficient, Δ = the rigidity of bed sediment and Δ = Ks/30.2 (Nikuradse, 1933) , Ks is the characteristic particle size of the bed surface. Hence, the similarity conditions between the experimental flow and the prototype flow with great dimensionless water depth would be analyzed firstly according to the logarithmic velocity distribution law in open channel. In this study, a series of experimental runs were conducted and the previous data were collected. Finally, a new formula for the incipient condition of the granular sediment in great dimensionless water depth was proposed. Section 2 described the analysis of Similarity condition between experimental flow and prototype flow with great dimensionless water depth. Section 3 described the derivation and the structure of the empirical formula for the incipient velocity of granular sediment in the flow with great dimensionless water depth. Section 4 described the test materials, experimental setup, and test procedure. In section 5, the experimental results were presented, and the parameters of the empirical formula were determined. In addition, the soundness and the accuracy of this empirical formula were verified by comparing with previous studies. Finally, section 6 presented the main conclusions of the study and the recommendations for future studies.
Theoretical basis

Similarity requirement for sediment motion in different flow depths
In this paper, the similarity condition between the experimental flow and the prototype flow with great dimensionless water depth was analysed based on the logarithmic velocity distribution law in open channel. It is assumed that the experimental flow was to be able to fully simulate the prototype flow with great dimensionless water depth. Some assumptions are made to better illustrate the similarity between the experimental flow and the prototype flow. The flow distributions in an experimental flume and in a prototype flow are shown in Figure 1 , where the subscript m denotes model (experimental flume) and the subscript p denotes the prototype. Hp and Hm is the flow depth in the experimental flume and in the prototype flow, respectively. Suppose Hp/Hm = λ. The velocity in the experimental flow at the height ym1 and ym2 from the bed surface are assumed as um1 and um2, and the corresponding velocities in the prototype flow with great dimensionless water depth at the height yp1 = λym1 and yp2 = λym2 from the bed surface are assumed as up1 and up2. The particle sizes of the experiment flume bed and corresponding prototype bed are assumed as dm and dp, respectively. can be further simplified, and the similarity condition between the experimental flow and the prototype flow with great dimensionless water depth can be written as http://www.aloki.hu • According to kinematic similarity criteria, it can be seen from Equation 13 , when , um1/um2 is equal to up1/up2. In other words, only when the dimensionless water depth (the ratio of water depth to particle size, Hm/dm) in experimental flow is the same as that in corresponding prototype flow Hp/dp, the flow velocity near the particles in experimental flow is similar with that in corresponding prototype flow and the motion of the sediment is similar in both scenarios. Otherwise, if , um1/um2 is larger than up1/up2 which indicates that the flow velocity near the sediment particles in experimental flow is higher than that in corresponding prototype flow, and the sediment particles in experimental flow would be easier to be dislodged than that in corresponding prototype flow. On the other hand, when , um1/um2 is smaller than up1/up2, which indicates that the flow velocity near the sediment particles in experimental flow would be lower than that in corresponding prototype flow, and the sediment particles in experimental flow are then more difficult to be dislodged than that in corresponding prototype flow. It is seen that similarity condition between experimental flow and corresponding prototype flow is that the sediment particle size scale (dp/dm) equal to water depth scale (Hp/Hm), that is, Hp/dp = Hm/dm. Hence, the similarity between experimental flow and corresponding prototype flow is necessary to ensure the similar flow velocity near the sediment particles near bed in experimental flow and corresponding prototype flow.
In line with the similarity analysis between the experimental flow and the prototype flow in great dimensionless water depth, the current formulae deduced from flume experiments may be not suitable for calculating the incipient velocity of the granular sediment motion in great dimensionless depth of water, which requires a wide range of H/d in the flume experiment, for example, the water depth varies from 10 to 40 m, and the sediment particle sizes are between 0.2 and 2 mm in the middle reaches of the Yangtze river (Lu, 1991) , thus the range of H/d is more than 200,000, and, the H/d range from 2 to 2030 according to the 272 groups of experimental data collected by author. On the other hand, non-natural sediments such as the homogeneous model sediments are always used in flume experiments (Geiger and Durnford, 2000; Thomas and Calantoni, 2001; Jain and Juans, 2009), and the particle size of the homogeneous model sediment is relatively larger than that of the natural sediments, which cannot be used to simulate the motion of cohesive sediments. Because the particle size of the cohesive sediments is always less than 0.06 mm (Grabowski et al., 2011; Jean Berlamont et al., 1993) , and the viscosity between cohesive sediment particles will affect the incipient condition of sediments (Mehta, 1984 Lumborg and Windelin, 2003) . Therefore, the limitation of experimental flume size would affect the accuracy of the existing formulas for the incipient velocity for the granular sediments in the flow with great dimensionless water depth, and and the water depth in flume experiment should not be used as the direct variable of the formulas for the incipient condition of the sediment in the flow with great dimensionless water depth.
Boundary layer momentum thickness calculation
In this paper, boundary layer momentum thickness was introduced into the flume experiment as the independent variable to calculate the incipient velocity of the granular sediment in the flow with great dimensionless water depth. Boundary layer thickness reflects the block effect of bed wall and Roux (2010) regarded that the incipient motion of sediment is mainly affected by the flow near bed, that is, the flow near the boundary layer and the influence of the flow velocity outside the boundary layer on the sediment motion could be ignored in deep water area. Due to the viscous effect of fluid, the change of flow velocity in boundary layer will cause the loss of momentum in the boundary layer. The loss of momentum in the boundary layer can be explained by the momentum thickness of the boundary layer. Therefore, the boundary layer momentum thickness can be taken as a direct factor affecting sediment motion, which should be used to calculate the incipient velocity of sediment, rather than the water depth.
In general, boundary layer momentum thickness is used to describe the boundary layer thickness intuitively (Hokenson, 1977) , which can be written as follows:
where is the density of water, kg/m 3 ; is boundary layer momentum thickness; is the boundary layer thickness, m. U and u are supposed to comply with the logarithmic velocity distribution law (Jonsson, 1966 
Formula form derivation
In this section the formula form for the incipient velocity of the granular sediment in the flow with great dimensionless water depth was analysed. The incipient motion of sediment is mainly affected by incipient condition which should conclude the characteristics of sediment particles, flow conditions and the relationship between flow conditions and sediment particles (Wang et al., 2008) . Hence, the incipient velocity of granular sediment is influenced by the proportion of sediment particle, the proportion of fluid, kinematic viscosity coefficient, salinity, acceleration of gravity besides boundary layer momentum thickness. While the kinematic viscosity coefficient and saltiness can be ignored, because the temperature has little impact on the kinematic viscosity coefficient of fresh water and sea water (Balucani et al., 1996) . Therefore, the formula form of the incipient velocity for the granular sediment particle can be written as
where is the proportion of water, kg/m 3 ; is the proportion of sediment, kg/m 3 . As mentioned above, Equation 6 is almost adopted as the formula form to calculate the incipient velocity of sediment, therefore the formula form of the granular sediment in the flow with great dimensionless water depth can be expressed as:
where ξ, a, b, c are constants. In this paper, . It can be deduced that a = 0.5, b = c by the dimensional analysis of Equation 20 . Therefore, the formulary structure of incipient velocity for the granular sediment particle can be written as
Compared with Equation 6, water depth H is replaced by the boundary layer momentum thickness in Equation 21 , which is confirmed to the similarity requirement between the experimental flow and the prototype flow with great dimensionless water depth for sediment initial motion.
Materials and method
Test materials
Four kinds of sediment particles with different particle sizes were used for the tests, which concluded one kinds of model sediments (MS) and three kinds of natural sediments. The homogeneous granular plastic sands were used as the test sediments which can be applied to the model experiment with different scale. The particle size of the homogeneous granular plastic sands in this experiment was 3.2 mm and the proportion of the homogeneous granular plastic sands was 1050 kg/m 3 . The natural sediments were from different places: coastal line of Fengxian (FX), Shanghai, China; Huangpu River (HPJ) of Shanghai; coastal line of Zhuhai (ZH), Guangzhou province.
The natural sediments were dried for 24 h in an oven at a temperature of 105°. After that, the dried sediments were sieved through a series of standard sieves with different diameters of holes to screen suitable sediment particle sizes and eliminate impurities such as small stones and shellfish. The determination range of standard sieves in laboratory is 0.038~6 mm. All the grain size and grain density are summarized in Table 1 . In addition, 272 groups of previous data concerning the incipient velocity of granular sediment, water depth and sediment particle size were collected to verify and fit the formula for the incipient velocity for granular sediments in the flow with great dimensionless water depth. The rang of the sediment proportion of the collected data is from 2010 to 2650 kg/m 3 , and the rang of the sediment particle sizes of the collected data are from 0.04 to 22.2 mm. The maximum depth selected from the collected data is 0.47 m.
Experiment setup
The flume experiment was performed in the laboratory to examine the incipient velocities of the sediments with different particle size. The layout of the experimental apparatus is shown in Figure 2 
Test procedure
First, tap water was added into the flume through the water inlet on the left side of the flume, and the valve of water outlet was closed at this time. When the water depth reaches a certain level, the valve of water inlet was closed. The depth of the water by artificial control was between 10 and 50 cm. The sample box with the sediment samples inside was then lowered into the square box. Subsequently, the pump was turned on and the flow control valve was then opened slowly. The incipient motion of sediment was observed through the windows on both sides of the flumes. The flow velocity was accelerated very slowly by 1-2 cm/s every minute until a few sediment particles were dislodged from the bed surface, and the flow velocity was recorded at this time. The incipient criterion of sediment is that about 1‰ of the particles dislodged from the bed surface (Kramer, 1935; Chien and Wan, 1983) , which also applies to model sediment (Huang et al., 2012) . This phenomenon that the sediment particles dislodge from the bed surface continuously took place in both time and space, that is, the sediment motion could always be observed throughout the experiment (Zhang et al., 2017) . Because the incipient criterion of sediment processed a certain amount of subjectivity and judgment (He et al., 2003; Huang et al., 2012) , there must be some divergent data in the experimental results. In order to minimize the errors of inevitable subjectivity associated with incipient criterion of sediment, the procedure for measuring the flow velocity when the phenomenon that a few sediment particles were dislodged from the bed surface was observed was repeated three times for every sediment samples. Once the incipient criterion of sediment samples was reached, the flow velocity, and the difference of water head were recorded.
Results and discussion
Empirical formula for the incipient velocity for granular sediment in the flow with great dimensionless water depth
In this section, the coefficients ξ and c of Equation 21 are discussed by means of data fitting and collection. A series of previous data were collected, which include the experimental date of incipient condition of sediment collect by Yang et al. (2006) and a part of the sediment experimental data collected by Brownlie (1981) . The basis of the data screened from the data collected by Brownlie (1981) is that the suspended sediment concentration range of the collected data should be between 0 PPM and 3 PPM, according to the analysis of sediment transport and the distribution of suspended sediment concentration in the fluid when the sediment particles begin to suspend ( Table 2 . The collected data are shown in the Appendix. The coefficients of Equation 21 were determined respectively using the test results and the collected data with the help of Origin 9.0 and Excel 2017. Firstly, the formal deformation of Equation 21 was carried out in order to simplify the calculation as follows: the opposite sides of Equation 21 was taken logarithm respectively, and then the multivariate regression method was used to determine these coefficients. These coefficients were evaluated as follows: ζ = 1.74 ， c = 0.18. The value of R 2 = 86% indicates that the fit of the obtained model is fairly-good. Hence, the incipient velocity for the granular sediments in the flow with great dimensionless water depth can be expressed as follows: 18 
As show in Figure 3 , the curves plotted using the calculated values based on Equation 22 are in accordance with the experimental data and the collected data, and this formula possesses an acceptable accuracy for calculating , as 86% of the datasets are within a confidence interval with a relative error of 20%.
Figure 3. Comparison between the measured and the calculated incipient velocity
The incipient velocity of granular sediments in the flow with great dimensionless water depth are plotted according to Equation 22 , and an incipient velocity diagram is drawn, as shown in Figure 4 . The incipient velocity of granular sediments in the flow with great dimensionless water depth are plotted as a function of the dimensionless water depth (H/d) with the particle size as an independent parameter. It can be seen from Figure 4 that the incipient velocity of the granular sediments in the flow with great dimensionless water depth increases with the increase of the dimensionless water depth (H/d) and the particle size, i.e., the incipient velocity of the granular sediments in the flow with great dimensionless water depth increases from 0.2 m/s to 0.45 m/s when the particle size increases from 0.1 mm to 5 m/s and the great dimensionless water depth is 5000; the incipient velocity of the granular sediments in the flow with great dimensionless water depth increases from 0.2 m/s to 0.625 m/s when the great dimensionless water depth (H/d) increases from 5000 to 4000000 and the particle size is 0.5 mm.
Soundness verification this empirical formula
The incipient velocity of granular sediments in the flow with great dimensionless water depth calculated by Equation 22 proposed in this paper was compared with that calculated by Equation 4 of Wuhan Institute of Hydraulic and Electric Engineering which has been used as a normative formula for the calculation of incipient velocity of sediment to verify the soundness of Equation 22, Figure 5 depicts the incipient velocities of sediment in the flow with great dimensionless water depth (H/d) with various particle size, which are calculated by Equation 22 and the formula of Wuhan
Institute of Hydraulic and Electric Engineering. The comparison between calculated results of the empirical Equation 22 and the normative formula of Wuhan Institute of Hydraulic and Electric Engineering clearly indicates the following:
The incipient velocities of the granular sediments calculated by the two formulas both increases with the increase of the dimensionless water depth (H/d) and the particle size of granular sediment. 
For
, the increasing trend of the incipient velocities of the granular sediments calculated by Equation 16 with the dimensionless water depth (H/d) is similar with that calculated by the normative formula of Wuhan Institute of Hydraulic and Electric Engineering, and all increase slowly. Whereas, the incipient velocities of the granular sediments calculated by Equation 16 is lower than that calculated by the normative formula of Wuhan Institute of Hydraulic and Electric Engineering when the particle size is less than or equal to 0.2 mm. When the particle size is more than 0.2 mm, the incipient velocities of the granular sediments calculated by Equation 22 is approximately equal that calculated by the normative formula of Wuhan Institute of Hydraulic and Electric Engineering.
For , the increasing trend of the incipient velocities of the granular sediments calculated by Equation 22 is much slower than that by the normative formula of Wuhan Institute of Hydraulic and Electric Engineering, which demonstrates that there will be a large difference between incipient velocities of granular sediment calculated by Equation 22 and the normative formula of Wuhan Institute of Hydraulic and Electric Engineering when the dimensionless water depth (H/d) is more than 10 4 , and the difference increases with the increase of H/d. In order to illuminate the appearance, Wanxian site is taken as an example, which is one of the reservoirs of Three Gorges in China. The particle size of the sediment at Wanxian site is less than 0.16 mm and the depth of water will reach 100 m when the reservoir is full of water (Wang et al., 2010) . But the incipient velocities of the sediment at Wanxian site calculated by Equation 22 and the normative formula of Wuhan Institute of Hydraulic and Electric Engineering are 1.306 m/s and 0.601 m/s respectively, which differ widely.
Figure 5. Comparison between calculated results of the empirical Equation 22 and the normative formula of Wuhan Institute of Hydraulic and Electric Engineering
Although there is no direct data to determine the rationality of the calculation results Equation 22 and the formula of Wuhan Institute of Hydraulic and Electric Engineering, it can be concluded that the incipient velocity of granular sediment in the flow with great dimensionless water depth calculated by the formula of Wuhan Institute of Hydraulic and Electric Engineering is certainly higher than the actual situation according to the data of the physical characteristics and environment parameters of the shelf dunes (Zhuang et al., 2004) . The area where the depth of water is from 132 to 162 m at continental shelf of the east china sea collected by Zhuang et al. (2004) is taken as the example to verify this claim and there are sand waves with a wavelength of 5 ~ 25 m and a wave height of 0.5 ~ 2 m. In addition, the sediment particle sizes are between 0.125 and 0.188 mm and the local maximum flow velocity is between 0.4 and 0.9 m/s in this area. According to the formula of Wuhan Institute of Hydraulic and Electric Engineering, the incipient velocity of sediment is between 1.43 and 1.91 m/s in this area, while the incipient velocity of sediment calculated by Equation 22 is between 0.58 and 0.687 m/s. Obviously, the incipient velocity of sediment calculated by the formula of Wuhan Institute of Hydraulic and Electric Engineering is higher than the local maximum flow velocity, which indicates that the sediment particles cannot suspended and there are no sand waves. It follows that the calculation results of Equation 22 are more reasonable in this situation, because the local maximum flow velocity can reach the incipient condition of sediment in this area according to Equation 22 . According to the above analysis, Equation 22 proposed in this paper is more credible than the normative formula of Wuhan Institute of Hydraulic and Electric Engineering when they are used to calculate the incipient velocity of granular sediment in the flow with great dimensionless water depth.
Accuracy verification of this empirical formula
In the study, the calculation results of the empirical formula were compared with the field measurement data collected by Brownlie (1981) to verify the accuracy of this empirical formula proposed in this paper. Firstly, the field measurement data collected from the extant studies which included Atchafalaya River Data of Toffaleti (1968), South American River & Canal Data of NEDECO (1973), Red River Data of Toffaleti (1968) , and Rio Grande River Data of Nordin and Beverage (1965) , in which the dimensionless water depth (H/d) was less than 10 4 . The calculated results and the collected field measurement data were listed in Table 3 . Then the field experimental data in which the dimensionless water depth (H/d) was approximately 10 4 were collected as the correlation data with the calculated results by the empirical formula. The calculated results and the collected field measurement data were listed in Table 4 .
It can be seen from Table 3 that when the sediment concentrations are less than or equal to 5 PPM the calculation results by this empirical formula are in good agreement with the data collected from extant studies generally, i.e., Rio Grande River Data of Nordin and Beverage (1965) and South American River & Canal Data of NEDECO (1973) . While the incipient velocity of sediment calculated by this empirical formula is lower than the collected field measurement data when the sediment concentrations are more than 5 PPM and approach 10 PPM, for instance, Red River Data of (1968), because the hydrodynamic condition is considered to have exceeded the incipient condition of sediment according to the analysis of sediment transport and the distribution of suspended sediment concentration in the fluid when the sediment particles begin to suspend (Ted et al., 1974), when the sediment concentrations approach 10 PPM. It can be seen from Table 4 that the empirical formula can work well when it is used to calculate the incipient of granular sediment in the flow with high dimensionless water depth. Figure 6 depicts that the calculated values calculated by Equation 22 and the 20% error lines against measured data. 
Conclusion
In this paper, the incipient condition of the granular sediment in the flow with great dimensionless water depth was studied by the method of flume experiment and data fitting. Firstly, the similarity condition between experimental flow and prototype flow with great dimensionless water depth was analysed firstly. Then based on the above analysis, the boundary layer momentum thickness was introduced instead of water depth due to the limitation of the flume experiments. Subsequently, the flume experiment results and a series of extant data were collected and calculated to derive the formula for the incipient velocity of granular sediment in the flow with great dimensionless water depth. The conclusions of this study can be summarized as follows:
The similarity condition between the experimental flow and the prototype flow with great dimensionless water depth is that the ratio of water depth and the particle size of sediment (H/d, which is considered as the dimensionless water depth in this paper) in experimental flow is the same with that in prototype flow with great dimensionless water depth, based on the logarithmic velocity distribution law.
Water depth cannot be used as a direct variable in the formula for the incipient condition of the granular sediment in the flow with great dimensionless water depth due to the limitation of flume experiment, which should be replaced by the boundary layer momentum thickness.
An empirical formula for the incipient velocity for the granular sediment in great dimensionless water depth was proposed by introducing boundary layer momentum thickness as an immediate variable. The formula takes boundary layer momentum thickness, particle size and the proportion of sediment and fluid as the main variables. Compared with the normative formula of Wuhan Institute of Hydraulic and Electric Engineering, the increasing trend of the incipient velocities of the granular sediments in the flow with great dimensionless water depth calculated by the two formulas are similar with each other when , and all increase slowly, but when , the increasing trend of the incipient velocities of the granular sediments calculated by the formula proposed in this paper is much slower than that by the normative formula of Wuhan Institute of Hydraulic and Electric Engineering. Finally, the accuracy of the proposed formula is verified.
Recommendations for future researches
Firstly, the viscous force between sediment particles should be considered in future researches. Because the sediment particles behave in a cohesive manner when the particle size is less than 500 , moreover, the viscous force becomes the main resistance to the initial motion of sediment, and the effect of gravity on the initial motion of sediment can be neglected, when the particle size is less than 60 . But there is no convincing result about the incipient condition of cohesive sediment. In future researches, the concept of sediment fluidization can be introduced to study on the incipient conditions of cohesive sediment, and different sediment fluidization level will cause the variation of starting velocity.
Secondly, the application condition and the form of the formula need further study. Because that the research results in this paper are based on logarithmic velocity distribution, which is reliable for the unidirectional flow. However, the applicability of the condition in complex flow field, such as wave or tide, has yet to be verified. http 
